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Abstract 
In this article, an innovative solid particle receiver was developed which suitable to be used as fluidized bed solar receiver. The 
receiver is composed of five quartz tubes with the flowing silicon carbide particles as absorber. The thermal performance of the 
receiver was tested using 10kWth solar furnace system in Badaling solar thermal power experimental platform of China. Three 
days experimental results are listed in this paper. The maximum outlet air temperature is 624.1Ԩ. The minimum temperature 
difference between particles and outlet air is below 10Ԩ which shows good  heat transfer performance inside the receiver. The 
experimental results well verified the technical feasibility of such receiver design.  
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1. Introduction 
Using solid particles as absorber to get high temperature air is a promising and upcoming technology to which 
more attentions had been paid in the past thirty years by many countries such as USA, France, Israel and Germany. 
Fluidized bed receiver and free falling particle receiver are two typical types of solid particle air receiver until now. 
In 1979, Abdelrahman[1] and Hunt [2] proposed the concept of using carbon particles cloud to absorb solar 
radiation to heat air. In 1982, Hunt and Brown[3] designed and fabricated a heat receiver that heated air to 
1000K, establishing a technical foundation for solid particle solar receiver (SPSR) research. During 1982 and 1992, 
the researchers of U.S. Sandia Laboratory [4-6] conducted a great deal of experimental studies on SPSR 
and obtained lots of valuable experimental data.  A. Meier[7] numerically simulated the physical process inside the 
free falling particles solar receiver/ reactor based on heat transfer model between particles and air.  The temperature 
of hot air was 927ć while 1MW/m2 heat flux was absorbed by the falling particles. But the particles could be 
blown into the atmosphere by wind while the average diameter was less than 0.3mm. Based on the above pioneer 
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research results, a solid particle air receiver is developed and tested on the solar furnace system. By measuring the 
temperature of fluidized solid particles and outlet air, the primary thermal performance of such receiver is obtained. 
The technical feasibility of such receiver design using quartz tubes as fluidized solid particles container was well 
validated.  
 
Nomenclature 
dp   particle diameter, mm 
f      input electricity frequency of fan, Hz 
h     the height of particle layer inside a quartz tube, m 
L     the height of a quartz tube, m 
T     particle layer height ratio, Lh  
2. Receiver design 
The layout of solid particle air receiver is shown in Fig. 1. The receiver is composed of five quartz tubes, air 
intake duct, solid particles, air inlet, air outlet and thermal insulation, etc. The outer diameter of quartz tubes are the 
40mm with same thickness of 3mm and length of 500mm.Three tubes are in the front row and another two tubes are 
in the back row in view of the solar irradiation input. The distance between two neighbour tubes is 40mm in order to 
avoid mutual occlusion.  Average diameter of silicon carbide particles is 1mm. The air intake duct is a device that is 
conducive to realize solid particles fluidization inside quartz tubes under lower inlet air velocity. One air intake duct 
is installed in each tube. The air inlet locates at the bottom of the receiver while the air outlet on the top. The 
receiver is coated with thermal insulation to reduce heat loss. Silicon carbide particles free stack inside the 
quartz tubes if no air flows. The fan pushes the ambient air into the quartz tubes and the solid particles are blown 
under the air pressure. Well circulation of solid particles is able to be set up inside the quartz tubes. The flowing 
particles absorb solar radiation and transfer heat to the flowing air. Due to the high specific surface area of flowing 
particles, the convective heat transfer between particles and air is sufficient. The hot air directly outflows to the 
atmosphere. 
 
               
     Fig.1 Photos of the solid particle air receiver: (a) with flowing particles and (b) quartz tubes and air intake ducts 
3. Experimental system 
The experimental system is shown in Fig.2. The system consists of a solar furnace, solid particle air receiver, fan, 
inverter, air mass flow meter, data acquisition system, infrared camera and other connection parts. The input 
a b
286   F. Bai et al. /  Energy Procedia  49 ( 2014 )  284 – 294 
electricity frequency of the fan was adjusted using an inverter in order to control the air mass flow rate of the 
receiver. Air inlet flow rate was measured by the air mass flow meter. Type K thermocouples are used to measure 
the inlet air, the particles and outlet air temperature. In order to measure the particle temperature, the thermocouples 
were inserted in the dense phase zone where the thermocouples contacted well with the flowing particles to measure 
the particle temperature.  A thermocouple was set on the top of each quartz tube to measure the outlet air 
temperature. Temperature signals are online collected by a data collection instrument. Surface temperature 
distribution of quartz tubes is measured by infrared camera. The working system is shown in Fig.3. The apparatuses 
used in the testing are listed in Table 1. 
 
 
1-heliostatˈ2- Parabolic concentratorˈ3- Data acquisition instrumentˈ4- Data display and recordingˈ5-  infrared cameraˈ6-air receiverˈ7-
thermocoupleˈ8- air mass flow meterˈ9-fanˈ10-inverter 
 
Fig.2  Experimental system 
 
Fig.3 The photo of receiver in operation 
Table 1 Experimental apparatus 
Name Specification Number Remark 
Fan 20kPaˈ145 m3/h 1 3 phase 
Inverter SBREL S200-P0022T3B 1 2.2 kW 
Thermocouple  Type K 10 Classĉ 
Air mass flow meter RCL-52  1 0-30Nm3/h 
Data acquisition instrument HP Agilent 34970A 1 3M/60C 
Infrared camera Thermo View Pi20 1 200-2000ć 
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4. Experimental results 
The serial number of quartz tubes is shown in Fig. 4. Since cold air is supplied to every tube through the same air 
inlet, the mass flow rate of each tube maybe be unequal. The air mass flow rates of tube 2, 4 and 5 are higher than 
tube 1 and 3. The experiments were carried out during May 10th to 14th, 2013. The particle layer height ratios T  are 
set as 0.4 for all five tubes and the particle diameter dp is 1mm.  The input electricity frequency of the fan was 
adjusted as 30Hz and 32Hz, respectively. The picture of the operating receiver is shown in Fig.5. It is clear that the 
inlet concentrated solar flux was not uniform on the surfaces of the quartz tubes. Tube 2, 4 and 5 were heated by 
higher solar flux. 
 
Fig 4  Schematic diagram  of tubes arrangement and number 
         
Fig .5. Photos of solid particle air receiver in operation:  (a) taken by digital camera  and (b) taken by infrared  camera 
4.1. Experiment 1  
Experiment 1 was carried out with f=30Hz from 09:48 to 11:11 on May 10th, 2013. The direct normal irradiance 
(DNI) of the testing time interval is shown in Fig.6. As shown in Fig.7, the fluctuation of DNI leaded to the 
temperature variation of particles and outlet air of each tube. The temperatures of particles and outlet air of each 
tube were kept similar variation trends over time. Particle temperature was usually a little higher than outlet air 
temperature. The air inlet flow rate decreased with the increase of particle temperature. As shown in Fig.8, the 
fluctuations of air inlet flow mass rate indicated that there was a strong unstable process of the particles fluidized 
state within the tubes. The maximum outlet air temperature of the receiver was 327.6ć.The maximums of outlet air 
temperature, particles temperature and average temperature difference between particles and outlet air of each tube 
are summarized in Table.2. The maximum outlet air temperature and the maximum particle temperature are 565.9ć
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and 578.9ć of tube 2, respectively. According to the receiver structure, the air flow mass rates of tube 2, 4 and 5 
should be higher than tube 1 and tube3, which was supposed to lead to much lower average temperature difference 
between particles and outlet air. However, the experimental results revealed that the average temperature difference 
between particles and outlet air were lower in tube 2, 3 and 5. The experimental results indicated that the air 
flow distribution was very complicated and influenced by the intake structure and fluidized state including 
temperature distribution of the particles and air inside the tubes. 
 
 
Fig 6  DNI  at 09:48-11:11, May 10th, 2013 
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Fig.7.  Experimental results of  Experiment 1:(a) temperature of particles and outlet air of tube 1 with time; (b) temperature of particles and outlet 
air of tube 2 with time;  (c) temperature of particles and outlet air of tube 3 with time; (d) temperature of particles and outlet air of tube 4 with 
time and (e) temperature of particles and outlet air of tube 5 with time  
 
 
Fig.8. Outlet air temperature of receiver and air mass flow rate of Experiment 1 
Table 2 The maximums of outlet air temperature, particles temperature and average temperature difference between particles and outlet air of 
each tube of Experiment 1 
Tube ID Maximum outlet air temperature˄ć˅ 
Maximum particle 
temperature˄ć˅ 
Average temperature difference 
between particles and outlet air˄ć˅ 
1 402.4˄11:07˅ 459.5˄10:59˅ 48.9 
2 565.9˄11:07˅ 578.9˄11:10˅ 1.5 
3 327.8˄11:07˅ 334.1˄11:10˅ 2.3 
4 393.2˄11:00˅ 433.5˄10:59˅ 31.7 
5 378.1˄11:07˅ 378.0˄11:07˅ -0.1 
4.2. Experiment 2  
Experiment 2 was carried out with f=32Hz from 11:12 to 12:20 on May 10th, 2013. The DNI variation of testing 
time interval is shown in Fig.9. As show in Fig.10 and Fig.11, the temperature variation trend of particles, outlet air, 
and the temperature difference between the particles and outlet air of each tube are similar to the Experiment 1. In 
this test, the maximum temperature of outlet air and particles in tube 2 are 586.1ćand 604.1ć, respectively as 
listed in Table 3. Compared with the Experiment 1, the temperature difference between the particles and outlet air 
decreased a little due to the increase of inlet air mass flow rate.  At 11:58, the light spot was removed but the fan 
was kept working, as shown in Fig.10 and Fig.11, the temperature of particles and outlet air of each tube both 
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decreased rapidly. With the temperature decline of particles and air inside each tube, inlet air mass flow rate 
significantly increased while the output frequency of the inverter kept unchanged. 
 
 
Fig. 9  DNI  at 11:12-12:20, May 10th, 2013 
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Fig.10. Experimental results of Experiment 2:(a) temperature of particles and outlet air of tube 1 with time; (b) temperature of particles and outlet 
air of tube 2 with time;  (c) temperature of particles and outlet air of tube 3 with time; (d) temperature of particles and outlet air of tube 4 with 
time and (e) temperature of particles and outlet air of tube 5 with time 
 
 
Fig.11. Outlet air temperature of receiver and air mass flow rate of Experiment 2 
Table 3 Maximum outlet air temperature, maximum particle temperature and particle-air average temperature difference of Experiment 2 
Tube 
ID 
Maximum outlet air temperature˄ć
˅ 
Maximum particle 
temperature˄ć˅ 
Average temperature difference 
between particles and outlet air˄ć˅ 
1 395.5˄11:44˅ 449.6˄11:54˅ 48 
2 586.1˄11:51˅ 604.1˄11:50˅ 2.6 
3 343.0˄11:52˅ 345.1˄11:51˅ -0.6 
4 409.2˄11:53˅ 426.3˄11:53˅ 18.3 
5 385.9˄11:26˅ 383.3˄11:47˅ -5.1 
4.3. Experiment 3  
In order to study the reliability of the receiver, a full day of running test was carried out with f=30Hz from 11:10 
to 17:17 on May 14th, 2013. The DNI variation of testing time interval is shown in Fig.12. As shown in Fig.13 and 
Fig.14, the temperature variation trend of particles, outlet air, and the temperature difference between the particles 
and outlet air of each tube are similar to the Experiment 1 and Experiment 2.  As listed in Table 4,the outlet air 
temperature of tube 2 at 12:15 is 624.1ć. The temperature difference between the particles and outlet air was lower 
than 50ć. As shown in Fig.15, the temperature recorded by the infrared camera was higher than the temperature 
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measured by thermocouples. At 15:42, the peak surface temperature of tube 2 reached approximately 870ć. The 
softening point of quartz is about 1100ć. Thus it is important to monitor the tube temperature in order to avoid 
damage of the quartz tubes during the long time operation.   
 
 
Fig. 12  DNI  at 11:10-17:17, May 14th, 2013 
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Fig.13. Experimental results of Experiment 3:(a) temperature of particles and outlet air of tube 1 with time; (b) temperature of particles and outlet 
air of tube 2 with time;  (c) temperature of particles and outlet air of tube 3 with time; (d) temperature of particles and outlet air of tube 4 with 
time and (e) temperature of particles and outlet air of tube 5 with time 
 
 
Fig.14. outlet air temperature of receiver and air mass flow rate of Experiment 3 
 
Fig.15. Suface temperature of each tube measured by thermal infrared imager 
e 
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Table 4. Maximum outlet air temperature, maximum particle temperature and particle-air average temperature difference of Experiment 3 
Tube ID Maximum outlet air temperature˄ć˅ 
Maximum particle 
temperature˄ć˅ 
Average temperature difference 
between particles and outlet air˄ć˅ 
1 400.3˄12:16˅ 422.8˄12:15˅ 17.4 
2 624.1˄12:15˅ 680.3˄12:15˅ 45.9 
3 367.2˄12:15˅ 388.0˄15:48˅ 6.1 
4 456.8˄12:17˅ 505.3˄12:16˅ 36.6 
5 425.7˄12:35˅ 439.5˄12:35˅ 3.6 
5. Conclusion 
A solid particle air receiver using five quartz tubes as the particle container is developed and tested on a 10kW 
solar furnace system. Three experiments were finished to test the thermal performance of this innovative receiver. 
The maximum outlet air temperature is obtained as 624.1ć during the experiments for tube 2. Air flow distribution 
is an important and tough problem of this type receiver design because it will directly take effect on the whole 
receiver performance. The fluidized states of each tube are dependent not only on the air flow rate but also on the 
temperature of particles and air. The experimental results well verified the technical feasibility of the receiver design. 
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